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Figure 1. Scheme showing the organization of the cytoskeleton in a transporting epithelial cell. 
All three filament types are present with actin microfilaments, microtubules and intermediate 
filaments, which form the cell–cell/substrate junctions. Of note are the variety of regulatory 
proteins which allow for the microfilaments to interact with the cell junctions, such as cortactin, 






Figure 2. Microtubules consist of α- and β-tubulin dimers, These dimers have polarity with β-
tubulin located at the plus end and the α-tubulin at the minus end. Microtubules form hollow rods 
which provide structural support in the cell. The filament is ~25 nm in diameter and each turn of 
the helix contains 13 α-, β-tubulin dimers. GTP bound dimers are more stable and 
polymerization occurs preferentially at the plus end.  GTP hydrolysis destabilizes the dimer and 
depolymerizes the minus end tubulins. Komaba organization for Educational Excellence, College 









Figure 3. Left. Electron micrograph of microvilli (microvillar actin core bundle) on the apical 
surface of enterocyte intestinal absorptive cells. A. Top view of the bundle of microvillus. B, C. 
Longitudinal view of the microvilli. D, E, F. Cross section view of microvilli, note the hexagonal 
lattice arrangement vs. the parallel bands in semi-thin cross section show a whirling pattern in 
the center of the microvillus suggesting that the bundle consists of non-parallel array of actin 
filaments. F. Magnified view of the top of a cross section of the microvilli. (Ohta et al., 2012) 
Right. Schematic representation of microvillus in the brush border. The microvillus axial bundle 
is supported by actin filaments crosslinked by fimbrin, villin and ezrin. The assembly is tethered 






Figure 4. A. Core bundle of two actin filaments cross-linked by villin. B. Top view shows a 
villin cross-link between every pair of microfilaments. Approximately 19 actin filaments arrange 
into a hexagonal pattern to form the microvillar core bundle. D, E, F shows the 13/6 symmetry 
associated with villin cross-linking actin filaments. Each filament is unipolar and maintains a 
specific alignment with other filaments through the cross-over points leading to a paracrystalline 




Figure 5. A. Brush border myosin Myo1A (green) associated with three calmodulin light chains, 
CaM, (purple) bound to actin filaments (orange). B. Down the axis view shows the Myo1A and 
CaM cross-bridges extending from the core. C, D. Helical decoration of the actin core bundle by 
Myo1A:Calmodulin, as a result of the precise helical symmetry of the central actin filament. 






Figure 6. A. In situ modeled microvillar cytoskeleton demonstrates how the currently proposed 
model spans ~100nm. B. The hexagonal arrangement of microvilli in the brush border. C. 
Terminal web cross-linked by spectrin tetramers (α-spectrin, β-spectrin), hexagonally arranging 
the microvillar core bundles at the interface of the apical cytoplasm. The highly ordered and 
symmetric arrangement of the microvilli can be appreciated in light of the variety of bound 
proteins, conformations, and oligomeric states (homo-, hetero- dimers). This complexity allows 
for finer regulation and increased function. (Brown and McKnight, 2010) 







. Elongation occurs only from the (+) end when G-actin concentrations are  within 
Cc
+
 and  Cc
−  
leading to the loss of G-actin subunits at steady-
state from the (-) end and to be added to the (+) end (Hesketh et al., 1996). This phenomenon 
known as ‘treadmilling’, where the actin filament adds G-actin to the barbed end at the same rate 
it is lost from the pointed end (thereby maintaining the same overall length) (Naoz et al., 2008). 
This is the simplest known single-protein motor system (Vinzenz et al., 2012). Growth occurs 
faster at the (+) end than (-) end when G-actin concentrations are above Cc
−
. Filamentous and 
monomeric actin equilibrium is essential to key cell function as demonstrated by actin 
depolymerizing toxins such as cytochalasin D, and latrunculin or phalloidin, which prevents F-




formation, a wide range of proteins exist that sequester actin (thymosin β4), promote assembly 
(profilin), regulate filament length by severing (cofilin, gelsolin, severin, villin,), and stabilize 
via capping (capZ) (Cihan and Ark, 2008; Kuzumaki et al., 1992). Actin polymerization is a 
major part of cell motility. The leading edge is created through the extension of the membrane 
while rapid rearrangement of actin helps stabilize it (Insall and Machesky, 2009).  
 
Figure 7. Formation of F-actin from G-actin monomers. A. In the nucleation phase, ATP bound 
G-actin complex to form actin shown in purple. After the initial nucleation phase, rapid 
elongation occurs from both ends of the filament. Ultimately, the ends of the filament reach 
steady-state ATP- G-actin. Once the subunits are incorporated into the filament, they hydrolyze 








Figure 8. A. F-actin consists of globular actin monomers (42 kDa); each monomer uniquely 





, NaCl) and regulatory proteins such villin and gelsolin. B. Actin filament pointed end 
(where majority of depolymerization occurs) imaged by cryo-electron microscopy (3D electron 
density map). Top subunit (red) pitches by ~12° towards preceding subunit (blue). The 
conformation of the pointed end partially explains the difference in rate of the two ends in actin 
dynamics and treadmilling direction. The DNase I binding loops of the top subunit (red, P) and 
the previous subunit (blue, P-1) significantly protrude from the EM map envelope, suggesting an 
alternate conformation for the pointed end subunits vs. subunits within the filament. Actin has a 
variety of functions from cell structure support, muscle contraction to transcription regulation. 











Figure 9. In vitro polymerization showing the lag period due to the kinetics involved in forming 
the nucleus (orange curve). Adding actin fragments (nuclei) initially allows the reaction to 
proceed to the elongation process directly without the lag period (purple curve). (Hesketh, 2000) 
Myosin Family of Motor Proteins and Myosin II 
Myosins are a superfamily of ATP-dependent motor proteins which interact with actin, most 
known for muscle contraction, cell motility and intracellular transport. Myosins are made up of 
one or two heavy chains and a number of light chains (Krueger, 2012). The heavy chains consist 
of the motor, neck and tail domains. The motor binds to actin in an ATP-dependent fashion, the 
neck binds light chains, and levers the motor to allow for motion (Pylypenko and Houdusse, 
2011). The most variable region of myosin is the tail, which carries out many functions, 
including: protein binding, lipid interactions, filament formation, and immune activity. Myosins 
are responsible for cytokinesis, cell shape, organelle trafficking, muscle contraction, and cell 
motility (Heisenberg and Bellaiche, 2013). Over 35 classes of myosins have been identified. Of 
particular interest to our study are myosin II, V and X. Myosin V proteins are dimeric (
), and responsible for linking the actin and microtubule cytoskeleton (Coureux et al., 2004). 
The heavy chain of myosin V has been shown to bind cargo (e.g., melanosomes, secretory 
vesicles, mRNAs) and interact with microfilaments as well as microtubules, kinesin motors, and 




contains a unique tail domain, with a motor implicated in binding the membrane. Myosin X is 
known to bind actin, microtubules, and β-integrins. It moves towards the barbed ends (+) of actin 
filaments and accumulates at the edges of filopodia, implicating its importance in the protrusion 
of the plasma membrane.  
 
Figure 10. Crystal structure of myosin V motor complexed with essential light chain + ADP-
BEFX in the post-rigor state (closed cleft) solved at 2 Å resolution. This structure was used in 
part to propose the chemo-mechanical coupling during the actomyosin force-generating cycle. 








Figure 11. Domain 6 of Gelsolin representing a typical gelsolin-like domain containing 5 β-





Figure 12. Gelsolin response to calcium levels and the latch and hinge mechanism. A. In high 
calcium G6 long helix (orange-red) straightens, allowing domain 2 to ‘unhinge’ and gelsolin to 





Figure 13. Intact gelsolin (G1-G6) at low levels of calcium. G2 and G6 come together to form a 
closed (‘hinged’), inactive conformation of gelsolin. The long α-helix of gelsolin’s sixth domain 
(G6, red) adopts a bent conformation, which permits domain 2 (G2) to bind and close the 
‘hinge’. The C-terminal helix on G6 participates in the binding interactions with G2. (PDB 
1D0N) (Burtnick et al., 1997) 









Figure 14. A. Schematic of the modular structure of V6-HP (top) within the context of villin 
(middle), and gelsolin (bottom). The amino acid residues correspond to chicken villin sequence 
for the V6-HP diagram. The lower numbers correspond to the first and last residue within V6-HP 
fragment. B. Sequence alignment (ClustalW) and 2° structure of chicken V6 and mouse G6. 
Cylinders denote α-helix and arrows – β-strand elements.  ClustalW alignment legend: “*”, 
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Long helix C-terminal helix 
PRLFECSNKTGRFLATEIV-DFTQDDLDENDVYLLDTWDQIFFWIGKGANESEKEAAAETAQEYLRSHPGSRDLDTPIIVVKQGFEPPTFTGWFMAWDPLCWS----DRKSY---- 








Previous Studies of Villin Domain Six 
Figure 15. A: V6, 10 best solution NMR structures. * Long loop a.a 64-78 and the C-terminus 
(a.a 98-107) as the least defined elements of the polypeptide. Selected residue numbers are 
indicated for reference. The backbone is colored by residue position in the polypeptide chain 
from blue (N-terminus) through green, yellow and orange to red (C-terminus). B: Representative 
2° structure of V6. The V6 domain displays a typical gelsolin-like motif with 5 -strands (A-E, 
blue) sandwiched between long (helix 1 front, red) and short helices (helices 2-4, red) -helices. 
C: Calcium-bound chicken villin V6 (grey) aligned with calcium-free human V6, PDB 3FG7, 
(white). Arrows mark the AB-Loop showing different conformations in the NMR (dark grey 
arrow) and crystal (light grey arrow) structures. The grey italicized N and C mark the amino- and 
carboxy- termini in A, B, C. Pfaff, D.A.,  Brockerman, J.,  Fedechkin, S.,  Burns, L.,  Zhang, 
F.,  Mcknight, C.L.,  Smirnov, S.L. “Sixth Gelsolin-like domain of villin in 5 mM CaCl2” 
DOI:10.2210/pdb2llf/pdb. (Manuscript submitted for publication: "Gelsolin-Like Activation of 
Villin: Calcium-Sensitivity of the Long Helix in Domain 6". Fedechkin, S., Brockerman, J., 


























Figure 16. The structure of the long helix of V6 domain is sensitive to Ca
2+
. A: Overlay of 
15
N-
HSQC spectra of chicken V6 in 5 mM Ca
2+
 (black) and in 1 mM Ca
2+
 (red); B: Overlay of 
15
N-
HSQC spectra of chicken V6 in 5 mM Ca
2+
 (black) and calcium-free V6 (red); C: Residues with 
significant calcium-dependent chemical shifts in A) are colored in red (6, 10, 16, 21, 25, 26, 28, 
30-33, 50, 55, 57, 59, 63, 65, 67, 75, 82). The two structure views are a 90° rotation around the 
axis approximately parallel to the major helix and passing through the center of gravity of the 
structure. Selected residue numbers are indicated as references. (Manuscript submitted for 
publication: "Gelsolin-Like Activation of Villin: Calcium-Sensitivity of the Long Helix in 
Domain 6". Fedechkin, S., Brockerman, J., Pfaff, D., Webb, T, Burns, L, Nelson, A, Zhang, 






 the villin headpiece 
attached to gelsolin cannot bundle F-actin , highlighting the crucial role of 
the villin core.
Figure 17. C-terminal headpiece (HP) domain of villin. HP has an F-actin binding site and is 
calcium insensitive. HP is essential for F-actin bundling by villin. The headpiece has been 
studied extensively and used as a model for protein folding and dynamics. (PDB 2K6M) (Brown 





















Figure 18. Sequence alignment of supervillin, villin and gelsolin. N-terminal supervillin 
fragments are labeled according to their established functions: M (myosin II binding); A1, A2 
and A3 (F-actin binding). Their respective sequence positions are indicated above the graphics 
(Chen et al. 2003). Approximate F-actin binding loci in all the proteins are marked with asterisks 
(*). The gray elements represent the high sequence homology areas within gelsolin/villin and C-
terminus of supervillin. The black element on the supervillin diagram identifies the region 
lacking homology to gelsolin repeat 1. This fragment (positions 830-1009) includes a strong 


















Structure and Dynamics Investigation of Supervillin and KIF14 




Supervillin Specific Aims 
The first objective of this project is to resolve the structural features of the various supervillin 
N-terminal binding fragments. We would like to characterize the supevillin fragments (M, A1, 
A2, A3) which bind myosin and F-actin, by NMR and other structural techniques such as 
circular dichroism. 
The second objective of the project is to utilize prediction software such as PONDR-FIT and is 
IsUnstruct to determine if the N-terminus of supervillin is folded. In conjunction with the 
structural characterization, the software prediction will help establish if the supervillin N-
terminus is an intrinsically disordered region. 
Third project goal is to extend the structural data to propose a regulation mechanism of F-
actin and myosin by supervillin. We will use bioinformatical techniques for sequence analysis to 
aid in this process, and resolve key features of the supervillin N-terminus. Additionally, we wish 
to localize the binding sites within fragments M, A1, A2, A3, which will be aided by 





V6 and V6-Linker Results 
V6-Linker does not bind F-actin  
V6-HP bundles F-actin under high-calcium concentrations, with a known F-actin binding site on 
the HP. Another F-actin binding site was proposed to be on V6 (or V6-linker). Previously, V6 
was tested for F-actin binding capacity by a sedimentation assay (Figure 19), and showed no 











Figure 19. Schematic representation of the F-actin sedimentation assay. A protein, whose 
binding affinity is being studied, is incubated with F-actin and then ultracentrifuged at 150,000 × 
g. The supernatant is removed, and the dense pellet is rinsed with buffer. The pellet is solubilized 
overnight in either SDS-PAGE loading buffer (for SDS-PAGE analysis) or 7% Acetic Acid (for 

























Figure 20. Representative HPLC chromatogram of a 200 µM V6-linker injection used as control 
for the F-actin pull down assay (λ = 222 nm, elution volume 41.4 ml). The reverse-phase HPLC 
























Figure 21. Representative HPLC chromatogram (monitored at λ = 222 nm) of 200 µM V6-linker 
incubated with F-actin and pelleted by ultracentrifugation. The reverse-phase HPLC was 








Figure 22. F-actin sedimentation assay of HP67 (back crosses on grey background); [Total]: 
concentration of HP67 samples added to the reaction. [Bound]: concentration of HP67 pulled-
down with F-actin by ultracentrifugation. HP67 points form a distinct hyperbolic curve 
indicating specific binding to F-actin. V6-linker has no measurable binding within the range of 
concentrations and conditions tested. 





Figure 23. Size exclusion chromatogram of isolated V6-linker in 5 mM Ca
2+
 solution (left) 
compared to isolated V6-linker in 0 mM Ca
2+
 solution (right). The pink vertical line marks the 
injection, so the adjusted elution volume for 5 mM Ca
2+
 V6 is 11ml and the 0 mM Ca
2+
 V6 










V6 Shows Slow Oligomerization Dynamics 
 




C V6 by 16/600 Superdex 75 column. 
Lanes 1-3, 5-7, and 9 show various fractions of V6 (12.5 kD) post FPLC size exclusion 
purification. Lane 4 shows the molecular weight ladder, with the lowest band corresponding to 
10 kD and the blue band above it corresponding to 15 kD. The V6 (12.5 kD) bands are in 





were pooled together, concentrated to 1 mM and transferred to NMR buffer (10% 
2
H2O, 5 mM 
CaCl2, 10 mM d10-DTT, 0.02% NaN3, and 20 mM d18-PIPES (pH 7.0)). Purity of final V6 NMR 
sample was analyzed with 15% SDS-PAGE (lanes 10,11). Red arrow marks the pure V6 
fragment band in lane 11. The molecular weight ladder in lane 10 has two bands, 15 (blue) and 
10 (green) kDa, which encompass the 12.5 kDa V6 band.  
 
 








Figure 25. Size-exclusion (FPLC) chromatography of V6 (12.4 kDa) with and without calcium 
recorded in PIPES buffer (pH 7) at room temperature. Elution volumes: 13.1 ml for V6 in 5 mM 
CaCl2 (light gray) and 12.8 ml for V6 in a calcium-free buffer (black line). The arrow marks the 
elution volume of a molecular mass standard (hen egg white lysozyme, c-type 14.4 kDa, elution 
volume 11.8 ml) run separately. 
An injection of 250 microliters of V6 was run in a Superdex 75 10/300 column (GE Healthcare) 
in gel filtration buffer (20 mM PIPES, 150 mM NaCl, and 5 mM DTT (pH 7.0)) at a flow rate of 
0.5 ml/min at room temperature. The concentration of the V6 sample in 5 mM Ca
2+
 was ~50 mM 
and that of the calcium-free V6 of ~ 0.4 mM. The chromatograms were rescaled to 
approximately equal intensity of the V6 peaks. The injections of calcium-free V6 and V6 in 5 






Figure 26. Initial 
15
N-HSQC spectrum of domain six of villin in the absence of calcium. The 
spectrum was acquired within the first week that the V6 sample in the absence of calcium was 
prepared (purified and buffer exchanged into calcium free NMR buffer). Spectrum acquired on 







N-HSQC spectrum of domain six of villin in the absence of calcium after four 
weeks of NMR data acquisition. Additional amide proton cross peaks appear in the 
1
H 8-8.5 ppm 
range indicating unstructured or aggregated conformation of the protein. Spectrum acquired on 






















Figure 28. Superdex 75 10/300 flow rate 0.8 ml/min of V6 in PIPES buffer in the absence of 
calcium monitored at 280 nm. The major peak at ~13ml corresponds to monomeric V6 and the 
two peaks at 9-12ml are dimers and higher order oligomers.  


































N V6 eluted on Superdex 75 16/600 chromatogram. The 
injection occurs at 78 ml and shows a broad peak which corresponds to aggregates at 110-117 ml 
and a small peak at 127 ml for dimers, with a major peak at 136 ml corresponding to monomeric 
villin.  






















Figure 30.   
15
N-HSQC spectra of domain six of villin. A. V6 
15
N-HSQC in the absence of 
calcium. B. V6 
15
N-HSQC at 5mM calcium. C. Zoomed in view of V6 
15
N-HSQC NH peak (no 
calcium) of 43Trp. D. Zoomed in view of V6 
15










Figure 31. 3D NOESY (
15
N-edited), τmix= 80 m, of V6. A. In the absence of calcium. B. At 5 
mM calcium. Each spectrum shows the stacked 
15




H plane. Both spectra were acquired at 25 °C, pH=6.8.  























Residue Number  
Figure 32. PINE backbone NMR chemical shift assignments reliability of V6 in 0 mM Ca
2+
. The 



















Figure 33. Chemical-shift-based secondary structure PECAN prediction for V6 in the absence of 
calcium. Blue bars with y-values of less than 0 correspond to beta sheet. Green bars with y-
values greater than 0 correspond to alpha helix. Yellow bars correspond to boundary, which can 













Table 1.  Preliminary NMR backbone amide assignments of calcium-free V6 with PINE server. 
The assignment probability (P(H,N)) can also be seen in Figure 32. (Bahrami et al., 2009) 
1 PRO 0 0 0 53 LYS 0.98 7.646 118.1 
2 ARG 0.754 8.134 120.05 54 GLU 1 7.918 117.72 
3 LEU 0.675 8.158 115.85 55 ALA 1 7.206 120.42 
4 PHE 0.867 7.702 119.1 56 ALA 0.999 8.078 123.47 
5 GLU 0.98 7.886 120.58 57 ALA 0.999 7.582 120.8 
6 CYS 1 8.078 121.85 58 GLU 1 7.558 118.43 
7 SER 1 8.014 116.82 59 THR 1 8.398 119.77 
8 ASN 1 7.55 126.48 60 ALA 1 7.95 122.46 
9 LYS 0.113 7.782 120.05 61 GLN 1 7.574 115.5 
10 THR 0.97 8.47 109.48 62 GLU 0.842 7.646 118.1 
11 GLY 1 7.998 110.14 63 TYR 0.939 7.926 121.99 
12 ARG 1 7.326 117.91 64 LEU 0.644 8.126 120.98 
13 PHE 1 8.438 122.1 65 ARG 0.766 7.782 120.05 
14 LEU 1 8.038 129.57 66 SER 0.91 7.718 115.64 
15 ALA 1 8.166 126.87 67 HIS 0.869 8.238 121.99 
16 THR 1 8.998 120.56 68 PRO 0 0 0 
17 GLU 1 9.102 129.87 69 GLY 0.12 7.814 120.88 
18 ILE 1 8.662 128.99 70 SER 0.124 8.022 122.85 
19 VAL 1 8.406 127.82 71 ARG 0.767 8.126 120.98 
20 ASP 1 8.87 123.04 72 ASP 0.704 8.158 118.82 
21 PHE 1 6.237 112.73 73 LEU 1 7.998 121.66 
22 THR 1 9.406 112.04 74 ASP 1 8.118 120.49 
23 GLN 1 9.454 122.31 75 THR 1 7.798 116.69 
24 ASP 1 7.518 114.28 76 PRO 0 0 0 
25 ASP 0.692 7.406 116.02 77 ILE 0.99 7.814 121.4 
26 LEU 0.755 6.942 117.43 78 ILE 1 8.886 130.3 
27 ASP 0.808 8.11 125.04 79 VAL 1 8.646 129.24 
28 GLU 0.943 7.79 112.25 80 VAL 0.618 9.574 128.39 
29 ASN 0.677 8.31 127.84 81 LYS 0.779 7.758 122.41 
30 ASP 0.614 8.214 119.93 82 GLN 1 8.358 122.68 
31 VAL 0.709 8.246 123.65 83 GLY 1 8.358 110.73 
32 TYR 0.865 8.27 126.12 84 PHE 0.999 7.894 119.5 
33 LEU 1 9.126 121.24 85 GLU 0.998 8.118 124.68 
34 LEU 1 9.662 127.45 86 PRO 0 0 0 
35 ASP 1 9.422 126.97 87 PRO 0 0 0 
36 THR 1 8.278 118.74 88 THR 0.988 7.094 106.97 
37 TRP 1 8.998 122.28 89 PHE 1 7.174 118.77 
38 ASP 1 8.502 117.36 90 THR 1 7.422 107.06 
39 GLN 1 7.102 111.55 91 GLY 1 7.622 106.73 
40 ILE 1 8.406 121.13 92 TRP 0.672 6.774 117.51 
41 PHE 1 9.198 123.87 93 PHE 1 7.734 119.05 
42 PHE 1 9.334 127.4 94 MET 1 8.638 121.55 
43 TRP 0.999 9.622 129.61 95 ALA 1 7.734 119.85 
44 ILE 0.249 8.166 122.49 96 TRP 1 8.23 120.87 
45 GLY 0.093 8.182 123.13 97 ASP 0.039 7.814 120.88 
46 LYS 0.86 8.022 122.85 98 PRO 0 0 0 
47 GLY 0.997 8.654 107.81 99 LEU 0.924 8.006 123.49 
48 ALA 1 7.206 123.94 100 CYS 0.999 6.846 118.79 
49 ASN 1 8.51 119.66 101 TRP 1 7.646 117.56 
50 GLU 0.061 8.774 123.03 102 SER 1 7.718 116.33 
51 SER 0.851 7.534 111.79 103 ASP 1 7.99 127.65 










Table 2. Comparison of the amino acid composition of human gelsolin, chicken villin, and 
supervillin (human and bovine) N- and C- termini. The values for the supervillin N-terminus are 
highlighted in green. (Fedechkin et al., 2012)
Protein / Fragment Size ( a.a. )
gelsolin, human 8.7% 68 ( a.a. ) 23.5% 184 ( a.a. ) 782
villin, chicken 9.4% 78 ( a.a. ) 24.6% 203 ( a.a. ) 826
supervillin C-terminus, human 9.1% 87 ( a.a. ) 26.7% 256 ( a.a. ) 958
supervillin C-terminus, bovine 8.9% 86 ( a.a. ) 27.0% 260 ( a.a. ) 962
supervillin N-terminus, human 4.3% 36 ( a.a. ) 30.5% 253 ( a.a. ) 830
supervillin N-terminus, bovine 4.2% 35 ( a.a. ) 30.0% 249 ( a.a. ) 830
% Aromatics (W,Y,F) % Charged (K,R,D,E)

















 vs. , nm) of bovine supervillin N-
terminal fragments M and A1: A) Spectrum of fragment M recorded at 25 °C in 20 mM PIPES 
buffer with 50 mM NaCl, pH 7.5. Red arrow marks the SDS-PAGE band for purified fragment 
M. B) Spectrum of fragment A1 recorded at 23 °C in 10 mM sodium phosphate buffer, pH 7.5. 
Red arrow marks the major SDS-PAGE band corresponding to fragment A1 and black arrows 
identify the two proteins (A1-specific impurities) consistently showing up on the gels with A1. 
C) Spectrum of the A1-specific impurities identified with black arrows on SDS-PAGE inserts. 
The red arrow marks the degraded A1 polypeptide (<10% of total sample, ImageJ (Schneider et 
al., 2012)).  Spectra B) and C) A1 are recorded at 23 °C in 10 mM sodium phosphate buffer at 
pH 7.0. Concentration of M and A1 samples were ~3-5 M. The []m values for panels B) and 
C) were calculated using the length of fragment A1 (171 residue) which precludes the 










































































































































Figure 35. NMR spectrum of supervillin N-terminal fragment M in pH 7.0, at 25C recorded at 
500 MHz field strength. 
Intrinsic Disorder Prediction of Supervillin N-terminus 










Figure 36. (A) IsUnstruct  and (B) PONDR-FIT analysis of human (red lines) and bovine (blue 
lines) supervillin sequences. Both IsUnstruct and PONDR-FIT scores run from 0 to 1 with values 
below 0.5 generally indicating ordered/folded regions and above 0.5 intrinsically 
unfolded/disordered regions. The dashed horizontal lines in the middle of the graphs separate the 
predicted ordered and disordered areas. (C) ANCHOR analysis of human supervillin ligand 
binding sites (blue loci) with IUPred helping to filter out unlikely or folded binding elements. 
ANCHOR predicts the presence of consistent numerous disordered ligand binding sites 
throughout the supervillin N-terminus (positions 1-830) with very few sites at the C-terminus 
(positions 831 onward). The gray double-end arrows on panels A, B and C identify the part of 
supervillin sequences (positions 1-830) investigated in this paper and comprising the 
polypeptides M, A1, A2 and A3 as shown on Figure 18.
































Figure 37. Phosphorylated amino acids in human supervillin, isoform 2.  Phosphorylated 
residues cluster in the N-terminal ~1000 residues ( ). 










Figure 38. Predicted myosin II- and F-actin binding sites in bovine supervillin (Chen et al., 2003; 
Takizawa et al., 2007; Takizawa et al., 2006) include sequences predicted to be ligand-binding 
sites by the ANCHOR program. Highly conserved regions within the supervillin N-terminal 
binding sites for myosin II (M1, M2) or F-actin (A1, A2, A3) were aligned using CLUSTALW.  
Residue numbers are shown for supervillin sequences from Bos taurus (Bovine, NP_776615), 
Homo sapiens (Human, NP_003165), Mus musculus (Mouse, ADP02396.1), Gallus gallus 
(Chick, XP_418577.3), and Xenopus (Silurana) tropicalis (Xenopus, NP_001090765.1). The 
location of the focal adhesion-targeting site that binds to TRIP6 and DYNLT1 (Takizawa et al., 
2006) also is shown. 
Discussion 




















Combined CD and Computational analysis suggests Supervillin N-terminus is an 
IDR 




Figure 39. Electrostatic surface potential of F-actin (PDB 2Y83). The two views were generated 
by 90° rotation of the structure around its major (vertical) axis. Most of the non-neutral surfaces 
on F-actin are negative (red) with only minor presence of the positive patches (blue). The images 




Electrostatics and Binding Sites of Supervillin N-Terminus 
 forces are important for the binding of supervillin fragment 





Figure 40. Bovine supervillin N-terminus and its proposed myosin II- and F-actin- binding 
subfragments. F-actin binding loci in all the proteins are marked with asterisks (*). Basic F-actin-
binding sequences AB1, AB2 and AB3 with their respective pI values are indicated (cyan). 
Similarly color-coded are the basic N-terminal subfragments MB1 and MB2 within fragment M. 
The amino acid (a.a.) sequence positions and the pI values for the subfragments are indicated 
below and above the graphics respectively. 
M A1 A2 A3
*
10.25.5 5.1 5.54.7pI
* *1 174 342 571 830280 422 700a.a.
AB1 AB2 AB3
900














Materials and Methods 
Protein Expression and Purification 
V6 for the F-actin binding assay was produced according to the procedures previously adapted 
by Lucian Burns, Alex Nelson and Danielle Pfaff. Briefly, the E. coli strain BL21- (DE3) was 
transformed with the pET-24a plasmid containing the V6 sequence using heat shock 
transformation (ice then 42 ºC); the cells were plated on Kanamycin Luria-Bertani broth (LB) 
plates. An isolated colony was used to inoculate seed cultures (~100 ml), which were used to 
start a large scale growth of the transformed strain. The strain was grown in 6 L of LB, 
containing 10 μg/ml of kanamycin, to an optical density of ~0.6. Protein expression was then 
induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) and expressed for 5 hours at 37 oC. 
Cells were then harvested by centrifugation at 4,000 g for 30 minutes. Pellets were suspended in 
lysis buffer (0.50 ug/ml lysozyme, 20 mM sodium phosphate, 200 mM NaCl, 50 mM DTT, 0.2 
mM PMSF, 0.1 mM Benzamidine, 1.0 mM EDTA, pH 7) and lysed using sonication. The lysed 








N NMR studies was also produced according to methods 
adopted by Lucian Burns, Alex Nelson, Terry Webb and Danielle Pfaff. Outlined briefly, 
transformed BL21-(DE3) cells with the pET-24a plasmid encoding for domain 6 were grown at 
37 ºC in 6 liters of LB up to an optical density of 0.6. Cells were then pelleted from the solution 
via centrifugation (20 minutes at 4,000 × g) and respuspended/washed in minimal media (MT9) 









C6). The cells were 
equilibrated in the media for 1 hour and then induced with 0.80 mM IPTG. Cells were harvested 
after 5 hours of expression by centrifugation (30 minutes at 4,000 × g). The pellet was 
resuspended in Lysis buffer and lysed using sonication. The lysed pellets were centrifuged at 
40,000 × g for 30 minutes and the supernatant collected. V6 was initially purified from the 
supernatant using gravity flow size exclusion chromatography. A 2.5 cm x 100 cm column from 
Kontes Chromaflex Chromatography was loaded with Sephadex G-50 resin from General 
Electric Healthcare. The mobile phase was 5mM CaCl2, PIPES buffer (20mM 2-[4-(2-
sulfoethyl)piperazin-1-yl]ethanesulfonic acid (PIPES), 5 mM dithiothretol (DTT), 5 mM calcium 
dichloride (CaCl2), 150 mM sodium chloride (NaCl), .02% sodium azide (NaN3), pH 7) 0.6 ml 
fractions were collected over 3 hours. High purity V6 was obtained by repurifying the fractions 
containing V6 using GE Healthcare Superdex 75 10/300 column. The mobile phase was 5mM 
CaCl2 PIPES buffer (pH 7) and with a flow rate of 0.5 ml/min. The major peak was collected and 
protein purity analyzed using 15% SDS-PAGE.  
Calcium-free V6 sample was prepared by performing buffer exchange using 15 mL Amicon 
Ultra Centrifugal units with an Ultracel membrane (3,000 MWCO) made by Millipore and 




buffer: PIPES buffer (20mM 2-[4-(2-sulfoethyl)piperazin-1-yl]ethanesulfonic acid (PIPES), 5 
mM dithiothretol (DTT), 150 mM sodium chloride (NaCl), .02% sodium azide (NaN3), pH 7. 
The V6 sample was buffer exchanged to EDTA PIPES buffer to sequester calcium ions: 20 mM 
EDTA (thylenediaminetetraacetic acid), PIPES buffer (20mM 2-[4-(2-sulfoethyl)piperazin-1-
yl]ethanesulfonic acid (PIPES), 5 mM dithiothretol (DTT), 150 mM sodium chloride (NaCl), 
.02% sodium azide (NaN3), pH 7. The V6 sample was then transferred to the NMR buffer: 
using 15 mL Amicon Ultra 
Centrifugal units with an Ultracel membrane (3,000 MWCO) made by Millipore and 
centrifugation at 3350 g for 30 minutes. 
F-actin Binding Assay 
Lyophilized rabbit skeletal actin was purchased from Cytoskeleton Inc (Denver, CO). Samples 
were prepared by resuspending lyophilized actin to a concentration of 24 μM (G46 actin) in 5.0 
mM tris(hydroxymethyl)aminomethane (Tris-HCl), 0.1 mM CaCl2, 0.20 mM ATP, 0.50 mM 
DTT and pH 7.3. Samples sat for 1 hour at 4 oC to resuspended actin. The samples were then 
clarified by centrifugation at 14k rpm for 15 minutes in a tabletop microcentrifuge at 4 ºC. The 
upper 90 - 95% (~1 ml) of the supernatant was transferred to anew container. 60.00 μL aliquots 
were transferred to ultra-centrifuge tubes and 6.00 μL of 10X F-actin buffer (500.0 mM 
potassium chloride (KCl), 20.0 mM magnesium dichloride (MgCl2), pH 7.3, 10.0 mM ATP) was 
added. Samples were polymerized for 1 hour at room temperature. The solution was brought to 
120 μL with final concentration being: Actin 12.0 μM, 4.1 mM Tris-HCl, ATP, 1.1 mM, 45 mM 
KCl, 1.8 mM MgCl2, 0.4 mM DTT, pH 7.3 and incubated with either V6 or HP67. 




concentrations were 0.1, 1 or 5 mM, V6 and HP67 concentrations were 5, 10, 25, 50,100 and 200 
μM. After 1 hour of incubation at 4 ºC or room temperature, samples were pelleted by 
centrifugation for 1 hour at 150,000 × g (centrifuge model Thermo Scientific Sorvall mX 150). 
The supernatant was removed, the pellet washed with 1X F-actin buffer and the pellets 
resuspended in 7% acetic acid. 
Pellets were analyzed using reverse phase high performance liquid chromatography. A linear 
gradient from 20-80% acetonitrile was developed at a flow rate of 1 ml/min through a Beckman 
Ultrasphere Analytical Column over 85 minutes. The ion pairing agent was triflouroacetic acid 
(0.1%) and eluting protein was monitored using UV absorbance (λ=222 nM). Peak area and 
retention time were visualized using the Varian Star Chromatography Workstation software 
(version 5.51) and analyzed in Microsoft Excel. Peak area versus concentration calibration 
curves were constructed individually for HP67 and V6 using standardized protein samples. Two 
V6 samples, one in 5.0 mM CaCl2 PIPES buffer (pH 7), the other in 0.0 mM CaCl2 PIPES buffer 
(pH 7) were analyzed on a GE Superdex 75 10/300 column. The samples were eluted at a flow 
rate of 0.5 ml/min and absorbance of the eluent was monitored at 280 nm. Raw chromatogram 
data was exported from the GE ÄTKA PRIME PLUS FPLC and processed in Excel. Elution 
time and peak area were analyzed in Excel. 
Nuclear Magnetic Resonance Acquisition and Analysis 
NMR Data Collection and Processing 
 











for V6 in the absence of calcium was acquired on Varian DirectDrive, 700 MHz in St. Petersburg 
State Polytechnic University, Russia.
NMR Resonance Assignments 
NMR resonance assignments for the V6 fragment were produced from the following data sets. 





HSQC and the 3D spectra: HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO, HNHA, HNHB, 
HBHA(CO)NH. The PINE (Bahrami, et al., 2009) server was used for automated assignment 
which was then manually verified and corrected as necessary. All samples were referenced 
internally using 3-trimethylsilyl)tetradeuterosodium propionate (TMSP). Visualation, 
peakpicking and analysis of the NMR spectra were achieved using NMRVIEW (Johnson, 1994). 
700 MHz instrument description: NMR data for V6 in the absence of calcium was acquired on 
Varian DirectDrive, 700 MHz in St. Petersburg State Polytechnic University, Russia. The NMR 
data was processed with NMRPipe and visualized with NMRView and CcpNmr. 
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